Introduction {#Sec1}
============

The continent of East Asia was generally not covered by ice-sheets to the same degree as Europe and North America during the ice ages^[@CR1]^, enabling a greater persistence of plant taxa there (with some having originated at the Paleogene or even earlier) during the Pleistocene^[@CR2]^. Accordingly, East Asia has been functioning as a region with a large number of late Neogene/Quaternary refuge areas for plant taxa^[@CR3]--[@CR5]^. Today, many of these relic lineages (some were relatively speciose such as Gingkoales^[@CR6]^) are reduced to a few or even to a single species (Supplementary Figs. [1](#MOESM1){ref-type="media"}A--[1](#MOESM1){ref-type="media"}H).

Here the broad area of East Asia is taken to include China, Japan, Korea, eastern Russia (east of ca. 80°E), Mongolia, the eastern and central Himalayas (Bhutan, Nepal, northern India, northern Myanmar), peninsular India-Sri Lanka, the deltaic plain of Bangladesh, southern Myanmar, Thailand, Vietnam, Laos and Cambodia, while Malaya, Indonesia and neighboring islands are excluded (Supplementary Figs. [2A](#MOESM1){ref-type="media"} and [3A](#MOESM1){ref-type="media"}). The climate of the area is characterized by the East Asian monsoon system (Supplementary Fig. [2A](#MOESM1){ref-type="media"}). The northwestern part of China is, apart from these monsoon systems, also influenced by the westerlies of the Northern Hemisphere^[@CR7]^ (Supplementary Fig. [2A](#MOESM1){ref-type="media"}), but their contribution to regional rainfall is relatively small because of their long continental trajectory. The monsoonal climate of East Asia gives rise, in combination with strong elevational diversification, to a great variety of vegetation types (Supplementary Fig. [2B](#MOESM1){ref-type="media"}). The mountains offer macroclimatic and microclimatic conditions and a complexity of habitats favoring the existence of diversified woody vegetation, ranging from tropical rain forests, to warm and humid subtropical/warm-temperate evergreen broad-leaved forests, then to temperate deciduous broad-leaved and coniferous forests, and finally to cold temperate coniferous forests of *Abies* and *Picea* (Supplementary Fig. [2B](#MOESM1){ref-type="media"}).

One of the central challenges of biology is the explanation of evolutionary processes and prediction of species richness^[@CR8],[@CR9]^. Plant distributions are strongly controlled by climatic factors and changes in climate can result in the dispersal, migration, evolution/adaptation, and extinction of species^[@CR10],[@CR11]^. Many plant species show a considerable degree of evolutionary and ecological conservatism: the climatic niche of a species remains unchanged over a given time period^[@CR12],[@CR13]^. Ecological Niche Modeling (ENM) is widely used to predict species distributions and has been applied to identify climate refugia^[@CR14]^. The term "climate refugia" has various definitions depending on the emphasis laid on the spatio-temporal scale of interest, the level of biotic organization involved, or the relationship with the core distribution range^[@CR15]^. A refugium is "an area where distinct genetic lineages have persisted through a series of Tertiary or Quaternary climate fluctuations owing to special, buffering environmental characteristics"^[@CR16]^, or "a geographical region that a species inhabits during the period of a glacial/interglacial cycle that represents the species' maximum contraction in geographical range"^[@CR17]^. Refugia can also be defined as "areas where local populations of a species can persist through periods of unfavorable regional climate"^[@CR15]^, and being habitats where species may survive or potentially expand under changing environments^[@CR18]^. The emphasis on persistence through time is clearly reflected in the definitions of Tzedakis et al.^[@CR19]^: "a location that provides suitable habitats for the long-term persistence of populations, representing a reservoir of evolutionary history", and Birks^[@CR20]^: "the geographical area where particular plant and animal populations grow today, grew in the past or may persist in the future". In the present study we adopt the prerequisite of long-term persistence as the main trait defining refugia and, for the context of relict plant species in East Asia, we define "long-term stable refugia" as the climatically suitable areas that allowed the persistence (in contrast to other areas) of ancient lineages during the Pleistocene climatic oscillations and that probably will do so under a scenario of global warming. ENM is an effective way to identify refugia, as climatic-based paleodistribution reconstructions often show good agreement with other proxies such as genetic markers^[@CR21]^. In addition, ENM allows for estimating potential distribution areas, provided that future climatic models are available. Conservation priorities should be linked to areas of potential refugia that have an inherent resilience to climate change, providing safe havens where biota can be safeguarded for longest^[@CR18]^.

It should be noted, nevertheless, that conclusions based on ENM rely on a series of basic assumptions^[@CR22]^ that, if not met, may compromise in a certain degree the validity of the results found: (1) niches are conserved along time (i.e., "niche conservatism"^[@CR13]^), and (2) a given species has access to all possible environmental conditions, unrestricted by barriers, dispersal disequilibrium, or negative interactions; that is, that fundamental niche can be equated to the realized niche^[@CR23]^. While niche conservatism may apply in many cases^[@CR24]^, realized niches are generally a subset of fundamental ones^[@CR25]^. Since ENM are calibrated with the observed distribution of the species, a given modeled niche actually corresponds to the realized niche and, thus, the fundamental niche could be shaped by other factors than environment (e.g., biotic interactions with other species, dispersal ability, and other abiotic factors). Despite these limitations, ENM is still a very powerful approach that is not only widely used to detect refugia, but also to discover new populations or species, to determine the impact of invasive species, to predict areas with conservation ends (for designing protected areas, or areas for restoration, translocation, or reintroductions), to evaluate the impacts of climate change on biodiversity, or to ask questions regarding the patterns of niche evolution^[@CR22]^.

We explore spatial distribution patterns of Paleogene-Neogene and older relict (hereinafter relict) species richness on a broad-scale, representing symbolic relict plant groups that have survived the ice ages in East Asia. We elucidate the present-day survival of relict forests from an ecological perspective and reconstruct the possible paleo-distributions of their species during the mid-Holocene and the Last Glacial Maximum (LGM) as based on ENM, to give an inclusive picture of their past distributions. Moreover, we outline potential effects of future climate change (to 2070) on relict species richness. Finally, we identify long-term (at least since the LGM to the year 2070) stable refugia maintaining ancient lineages and propose establishment of protected areas for the long-term stable refugia. We conclude that (1) relict plant species richness patterns correspond to the existence of climate refugia in East Asia, (2) favorable refugia of relict plants and forests exist in humid subtropical/warm-temperate areas of East Asia, as a result of the climatic conditions and altitudinal diversification in that area, and (3) southwestern China and northern Vietnam have provided long-term stable refugia for many Paleogene-Neogene and older relict plants.

Results {#Sec2}
=======

Present-day relict species richness patterns in East Asia {#Sec3}
---------------------------------------------------------

Among the examined 133 relict genera of East Asia, 98% are woody taxa and 2% are herbaceous. There are 93 genera endemic to East Asia, and the other 40 genera have disjunct distributions (hereinafter referred to as disjunct genera) between East Asia and other parts of the world. They comprise both gymnosperms and angiosperms (Supplementary Tables [1](#MOESM1){ref-type="media"} and [2](#MOESM1){ref-type="media"}). Of the 442 relict species in the 133 genera, 15.3% are gymnosperms and 84.7% are angiosperms. About 5.9% of the gymnosperms, and about 86.6% of the angiosperm woody species, are deciduous. Thus, among the relict species, evergreen gymnosperms and deciduous angiosperms constitute by far the largest groups, whereas deciduous gymnosperms and evergreen angiosperms form small groups (Supplementary Data [1](#MOESM4){ref-type="media"} and [2](#MOESM5){ref-type="media"}).

The patterns obtained for species richness and rarity-weighted richness (the latter representing concentrations of limited-range species, as well as a high turnover of species between adjacent cells^[@CR26]^) show that the relict species are mainly confined to areas to the south of the summer monsoon limit line (Fig. [1a--d](#Fig1){ref-type="fig"}), in agreement with the results of a recent study focused in China^[@CR27]^. A peculiarity is that they are represented today by many temperate woody genera characterized by a relatively high demand for humidity, as also suggested by studies on some relict plants in China^[@CR14],[@CR28]^. Most of them are limited to mountains in the humid subtropical and warm-temperate areas. Notably, the mountains in the areas stretching from near the boundary between southwestern China and northern Vietnam to the subtropical/warm-temperate regions of China, then to central Japan, are characterized by high topographic heterogeneity and generally display an extremely high relict species richness and degree of endemism.Fig. 1Relict species richness and rarity-weighted richness. **a** Relict species richness of genera endemic to East Asia. **b** Rarity-weighted richness of relict species of genera endemic to East Asia. **c** Relict species richness of genera having disjunct distributions between East Asia and other parts of the world. **d** Rarity-weighted richness of relict species of genera having disjunct distributions between East Asia and other parts of the world. The summer monsoon limit line adapted from Chen et al.^[@CR79]^, showing the approximate limit of modern summer monsoon precipitation. For the national boundary between China and India, please see Supplementary Fig. [2A](#MOESM1){ref-type="media"} and Methods. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org)

In the vast geographic region of East Asia, the distribution patterns of relict species richness (Fig. [1a, c](#Fig1){ref-type="fig"}) and rarity-weighted richness (Fig. [1b, d](#Fig1){ref-type="fig"}) have linear relationships with significant positive correlations (Pearson's *r* *=* 0.83, spatial autocorrelation-corrected *p* *\<* 0.0001 using *t*-test for relict species of endemic genera; *r* *=* 0.63, spatial autocorrelation-corrected *p* *\<* 0.0001 using *t*-test for relict species of disjunct genera).

The most important large-size core area with the highest paleoendemic species (species that were formerly widespread but are now restricted to a smaller area) richness (144) is situated in mountain ranges of southwestern China from the Duyang and Liuzhao Mts at the boundary between Yunnan and Guangxi, to the Miaoling Mts (Guizhou), Wumeng Mts (Yunnan), Dalou Mts (Guizhou), then to the Daliang and Longmen Mts (Sichuan), and Wu Mts (the boundary between Chongqing and Hubei), and further extends to the Daba and Qinling Mts on the boundary between Sichuan, Shaanxi and Gansu (for locations of provinces of China, see Supplementary Fig. [3B](#MOESM1){ref-type="media"}) (Fig. [1a](#Fig1){ref-type="fig"}; Supplementary Figs. [4A](#MOESM1){ref-type="media"} and [4E](#MOESM1){ref-type="media"}; Supplementary Table [3](#MOESM1){ref-type="media"}). In southwestern China the diverse topographies create a great variety of habitats that support relict species' persistence mainly at elevations of 1200--2700 m where the forests are often humid because of fogs. The five subsequent rankings of paleoendemic species richness core areas go to the mountains in south-central China, southern China, the boundaries of Yunnan, Guangxi and northern Vietnam, and southeastern China. The further subsequent rankings go to the boundary of Yunnan, Tibet and Myanmar,  southwestern China (Wuliang Mts and Ailao Mts in Yunnan), and central, south-central to southern Japan (Fig. [1a](#Fig1){ref-type="fig"}; Supplementary Figs. [4A](#MOESM1){ref-type="media"} and [4E](#MOESM1){ref-type="media"}; Supplementary Table [3](#MOESM1){ref-type="media"}).

The first-rank core area of paleoendemic species rarity-weighted richness (RWR, score = 7.89) is marked by the boundary between Guangxi, Yunnan, and northern Vietnam (Daqing, Liuzhao, and Hoang Lien Son Mts). The 12 subsequent rankings of RWR are in the mountains of southwestern China, the boundary of northwestern Yunnan and Myanmar, the mountains at the rim of the western Sichuan Basin, southern, south-central, and southeastern China, Taiwan and Hainan, then central and south-central Japan (Fig. [1b](#Fig1){ref-type="fig"}; Supplementary Figs. [4B](#MOESM1){ref-type="media"} and [4E](#MOESM1){ref-type="media"}; Supplementary Table [4](#MOESM1){ref-type="media"}).

The major core areas of relict species richness of disjunct genera are, beginning with the most important, southwestern, southern and south-central China, the boundary between Yunnan and Guangxi and northern Vietnam, southeastern China, then to the boundary between Yunnan, Tibet and Myanmar, finally to south-central and central Japan (Fig. [1c](#Fig1){ref-type="fig"}; Supplementary Figs. [4C](#MOESM1){ref-type="media"} and [4E](#MOESM1){ref-type="media"}; Supplementary Table [5](#MOESM1){ref-type="media"}). The most notable core area of RWR (11.50) of disjunct taxa on the boundary of Guangxi, Yunnan and northern Vietnam shows a spatial pattern similar to the RWR of paleoendemic taxa. The next is south-central and southwestern China, followed by the southeastern Himalayas, the boundary of Guizhou and Guangxi in southwestern China, Taiwan, northern Vietnam, central Laos, the boundary of Yunnan and Guangxi in southwestern China, southern China, southeastern China, Hainan Island, and south-central Japan (Fig. [1d](#Fig1){ref-type="fig"}; Supplementary Figs. [4D](#MOESM1){ref-type="media"} and [4E](#MOESM1){ref-type="media"}; Supplementary Table [6](#MOESM1){ref-type="media"}).

While most of the relict species are confined to mountains in the humid subtropical and warm-temperate areas at the present, the relict genera, both the endemic and those having disjunct distributions of fossil records, evidently had broad distribution ranges in the Northern Hemisphere during the Paleogene and the Neogene Periods, and some of them even in the Cretaceous (Supplementary Note [1](#MOESM1){ref-type="media"}, Supplementary Figs. [5](#MOESM1){ref-type="media"} and [6](#MOESM1){ref-type="media"}).

Present-day relict forests in East Asia {#Sec4}
---------------------------------------

The mountains in the humid subtropical/warm-temperate areas of East Asia are home to extraordinarily abundant relict forests. About 422 forest stands in 188 forest types dominated by relict species thrive between the tropical and temperate forest zones in the mid-latitudes (22°--37°), mostly from the boundary between southwestern China and northern Vietnam to the subtropical/warm-temperate regions of China, then to central Japan, mainly at altitudes of 1500--2700 m within latitudes 22°--25° N, at 800--2000 m within 25°--32° N, and at 500--1500 m within 32°--37° N (Fig. [2a--d](#Fig2){ref-type="fig"}).Fig. 2Distribution of relict forest stands in East Asia. **a** Relict forest stands overlaid on a potential forest vegetation zone model and mountain profile of East Asia. The potential forest vegetation zone model is modified from Ohsawa^[@CR80]^. **b**--**d** Latitudinal and longitudinal distribution of relict forest stands in East Asia. For the national boundary between China and India, please see Supplementary Fig. [2A](#MOESM1){ref-type="media"} and Methods. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org)

There are 75, 102, and 11 types of natural forest stands, dominated respectively by relict gymnosperms, relict deciduous broad-leaved woody species, and relict evergreen broad-leaved tree species (Supplementary Data [3](#MOESM6){ref-type="media"}). Many of those forests thrive in complex habitat mosaics of mountain topography where mountain ranges facilitate orographic precipitation, as exemplified by forest stands dominated by paleoendemic and monotypic *Ginkgo*, *Metasequoia*, *Taiwania*, *Cathaya*, *Cryptomeria*, *Glyptostrobus*, *Pseudolarix*, *Sciadopitys*, *Thujopsis*, *Davidia, Tetracentron*, *Cercidiphyllum* and *Rhoiptelea*. Some stands dominated by oligotypic genera (genera of plants that contain only a few species) having disjunct distributions include *Thuja*, *Pseudotsuga*, *Taxus*, *Liriodendron* and *Nyssa* are also good examples. A great number of these stands are distributed in the altitudinal transition zone from the evergreen broad-leaved to the deciduous broad-leaved forests or from the broad-leaved to the coniferous forests. Among the 422 relict forests, 92% of the stands are found in mountain stream flood plains and ravines, and on scree or steep slopes, cliffs and rocky terrains or limestone areas where natural disturbances often occur. Thus, as a general rule, relict species are restricted to local habitats with little competition with non-relict species in the regeneration phase, and most of them appear to be shade-intolerant and to belong to the stress-tolerant type^[@CR29]^. Relict plants are usually pioneer or seral species and, often, at least one of the relict species is a dominant in early or seral successional forest associations, with their persistence seemingly favored by natural disturbances^[@CR30]--[@CR34]^.

Relict species richness patterns shaped by climate changes {#Sec5}
----------------------------------------------------------

All ecological niche models (see Methods section) performed well with both jackknife (with a mean probability of success = 0.846) and continuous Boyce index (mean CBI = 0.787) approaches, suggesting a high fit of the model. Based on the number of species in which a given variable was selected, but also on its percent contribution to the individual models, the most important bioclimatic variable controlling the geographical distribution of these relict species as a whole was the mean temperature of the coldest quarter (bio11), followed by isothermality (bio3) and precipitation seasonality (bio15).

The predicted suitable areas for the high relict species richness (ranks of 51--128 and 21--50) of both endemic and disjunct genera under the present climate are mainly located in the subtropical and warm-temperate regions of China, northern Vietnam and Japan, as well as in the boundary area between northwestern Yunnan and Myanmar. These distributions are generally consistent with the observed present relict species richness patterns (Figs. [1a, c](#Fig1){ref-type="fig"} and  [3a, h](#Fig3){ref-type="fig"}). The areas in the Himalayas and the boundary between northwestern India and Myanmar are predicted to be suitable for a rather high relict species richness, based on climate variables; however, high richness is not found there at the present time (Figs. [1a, c](#Fig1){ref-type="fig"} and [3a, d](#Fig3){ref-type="fig"}). Reasons for this discrepancy may include the geologic youth of these areas that were tectonically very active during the last 10 million years^[@CR35],[@CR36]^; a well-known prerequisite for relict species persistence is tectonic stability^[@CR37],[@CR38]^, while dispersal limitations that are usually associated with many relict species would have avoided the arrival of ancient lineages in these areas.Fig. 3A comparison of potential richness of relict species under the present climate and climatic scenarios in the past. **a**--**g** For potential richness of relict species of genera endemic to East Asia: **a** under the present climate; **b**--**d** under scenarios mid-Holocene-CCSM4, mid-Holocene-MIROC-ESM, mid-Holocene-MPI, respectively; **e**--**g** under scenarios LGM-CCSM4, LGM-MIROC-ESM, LGM-MPI, respectively. **h**--**n** For potential richness of relict species of genera having disjunct distributions: **h** under the present climate; **i**--**k** under scenarios mid-Holocene-CCSM4, mid-Holocene-MIROC-ESM, mid-Holocene-MPI, respectively; **l**--**n** under scenarios LGM-CCSM4, LGM-MIROC-ESM, LGM-MPI, respectively. For the national boundary between China and India, please see Supplementary Fig. [2A](#MOESM1){ref-type="media"} and Methods. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org)

As compared to the present, in the mid-Holocene (ca. 6000 year BP) under three scenarios (Methods), the predicted suitable areas as a whole were slightly reduced (by 4.7% on average) for relict species of endemic taxa, and they increased by 2.9% on average for relict species of disjunct taxa. In the LGM (ca. 21,000 year BP) under three scenarios (Methods), the areas as a whole decreased by 11.6% and increased by 39.7% on average in relict species of endemic and disjunct taxa, respectively (Supplementary Tables [7](#MOESM1){ref-type="media"} and [8](#MOESM1){ref-type="media"}). The predicted suitable areas, especially the core areas with the highest relict species richness (51--128) fell mostly within the current potential distribution ranges of both endemic and disjunct genera except for disjunct taxa under the scenario LGM-MIROC-ESM, though the areas decreased by somewhat (20.4% on average) (Fig. [3a--n](#Fig3){ref-type="fig"}, Supplementary Tables [7](#MOESM1){ref-type="media"} and [8](#MOESM1){ref-type="media"}).

As compared to the present, in the future (2070) under six scenarios (Methods), the predicted suitable core areas with the highest richness (51--128) of relict species will decrease (27.8% and 68.1% on average for relict species of endemic and disjunct genera, respectively), which affects mainly their southern ends. Suitable areas with moderate richness (11--50) also show slight contractions in southern parts of the study region. Such areas of moderate richness would also be generally more or less expanded northward (e.g., northeastern China, North Korea, northern Japan, and southern Kamchatka of the Russian Far East) for both endemic and disjunct genera (Fig. [4a--n](#Fig4){ref-type="fig"}; Supplementary Tables [7](#MOESM1){ref-type="media"} and [8](#MOESM1){ref-type="media"}), though the northward expansion would be small. However, those habitat gains are unlikely to be accessible to the relict plants because of dispersal limitations of these species, and the sustainability of its habitat will not be maintained unless conservation strategies are introduced. In contrast, current climatically suitable areas in southern and central Japan will strengthen, and new potential areas will form in the southern Korean peninsula.Fig. 4A comparison of potential richness of relict species under the present climate and climatic scenarios in the future (2070). **a**--**g** For potential richness of relict species of genera endemic to East Asia: **a** under the present climate; **b**--**d** under scenarios 2070-CCSM RCP 2.6, 2070-GFDL RCP 2.6, 2070-MPI RCP 2.6, respectively; **e**--**g** under scenario 2070-CCSM RCP 8.5, 2070-GFDL RCP 8.5, 2070-MPI RCP 8.5, respectively; **h**--**n** For potential richness of relict species of genera having disjunct distributions: **h** under the present climate; **i**--**k** under scenarios under scenarios 2070-CCSM RCP 2.6, 2070-GFDL RCP 2.6, 2070-MPI RCP 2.6, respectively; **l**--**n** under scenarios 2070-CCSM RCP 8.5, 2070-GFDL RCP 8.5, 2070-MPI RCP 8.5, respectively. For the national boundary between China and India, please see Supplementary Fig. [2A](#MOESM1){ref-type="media"} and Methods. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org)

Long-term stable refugia {#Sec6}
------------------------

Figure [5a--j](#Fig5){ref-type="fig"} show the overlap of the same climatic space for relict species persisting across time to reveal areas that remain stable in climatic variables.Fig. 5Overlap of potential richness of relict species of the four time frames climatic scenarios. **a**--**e** For relict species of genera endemic to East Asia: **a** Overlap of the present and the past (LGM, mid-Holocene); **b**, **c** Overlap of the present and the future (2070) (under scenarios of RCP 2.6 for **b**, RCP 8.5 for **c**); **d**, **e** Overlap of the present, the past and the future (under scenarios of RCP 2.6 for **d**, RCP 8.5 for **e**). **f**--**j** For relict species of genera having disjunct distributions: **f** Overlap of the present and the past; **g**, **h** Overlap of the present and the future (under scenarios of RCP 2.6 for **g**, RCP 8.5 for **h**); **i**, **j** Overlap of the present, the past and the future (under scenarios of RCP 2.6 for **i**, RCP 8.5 for **j**). For the national boundary between China and India, please see Supplementary Fig. [2A](#MOESM1){ref-type="media"} and Methods. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org)

The overlap of the past (the LGM and the mid-Holocene) and the present (Methods) shows that mountain areas (518,100 km^2^ in size), mainly in southwestern China (the Yunnan-Guizhou Plateau, the Sichuan Basin), northernmost Vietnam, and the boundary between Guangxi, Guangdong, and Hunan in southern China, have been suitable climate refugia with high relict species richness of endemic genera (26--85 species occupying the same climatic space from the LGM to the present) (Fig. [5a](#Fig5){ref-type="fig"}; Supplementary Table [9](#MOESM1){ref-type="media"}). Meanwhile the overlap areas (442,250 km^2^ in size), mainly from northern Vietnam, and Yunnan to the Sichuan basin, have maintained a high relict species richness (26--85) of disjunct genera (Fig. [5f](#Fig5){ref-type="fig"}; Supplementary Table [10](#MOESM1){ref-type="media"}) since the LGM.

Compared to the overlap of the past (the LGM and the mid-Holocene) and the present, the overlap of the present and the future (2070) (Methods) shows that potential overlap areas with high relict species richness (26--85) of endemic and disjunct genera would be larger (1,128,270 km^2^ on average for endemic genera and 604,990 km^2^ on average for disjunct genera) in subtropical China (Fig. [5b, c, g, h](#Fig5){ref-type="fig"}; Supplementary Tables [9](#MOESM1){ref-type="media"} and [10](#MOESM1){ref-type="media"}).

The overlap of the past (the LGM and the mid-Holocene), the present and the future (2070) (see Methods section) shows that mountain areas (237,910 km^2^ in size) mainly from northern Vietnam, southeastern and eastern Yunnan, to western and northern Guizhou, then to the Sichuan Basin of southwestern China, and some very small additional areas in west-central Yunnan and around the boundary between Guangxi, Guangdong and Hunan, are predicted to be long-term stable areas with a high relict species richness (26--85) of endemic genera, while overlap areas (114,890 km^2^ in size) of high relict species richness (26-85) among disjunct genera are mainly located in northern Vietnam, southeastern, eastern and northern Yunnan, western Guizhou and the boundary between Sichuan and Chongqing under the scenarios of Present-Past-Future RCP 2.6 (Fig. [5d, i](#Fig5){ref-type="fig"}; Supplementary Tables [9](#MOESM1){ref-type="media"} and [10](#MOESM1){ref-type="media"}). Under scenarios of Present-Past-Future RCP 8.5, the overlap areas (52,530 km^2^ in size) with high relict species richness (26--85) of endemic genera are very much reduced as a whole, while for the relict species of disjunct genera overlap areas of just 7460 km^2^ in size are located only in southeastern Yunnan, around the boundary with northern Vietnam, and the Hoang Lien Son mountain range (Fig. [5e, j](#Fig5){ref-type="fig"}; Supplementary Tables [9](#MOESM1){ref-type="media"} and [10](#MOESM1){ref-type="media"}).

This reveals that, given climatic stability, many mountains in southwestern China (Yunnan-Guizhou Plateaus including southeastern, eastern and northern Yunnan, western and northern Guizhou, the Sichuan Basin including eastern Sichuan and Chongqing) and northern Vietnam can be regarded as long-term stable refugia for relict species.

The relationships between the present-day relict species richness and the number of species occupying the same climatic space from the LGM to the present have significant positive linear correlations (Pearson's *r* *=* 0.75, *p* *\<* 0.0001 using *t*-test for species of endemic genera; *r* *=* 0.6, *p* *\<* 0.0001 using *t*-test for species of disjunct genera). Thus, the existence of climate refugia (from the LGM to the present) might largely explain the present-day richness patterns of relict species in East Asia. Our results highlight that on a broad geographic scale, the survival and richness patterns of relict species and their forests in East Asia have been mainly shaped by climate.

Discussion {#Sec7}
==========

The identified long-term stable refugia (the areas in red in Fig. [6a](#Fig6){ref-type="fig"}) have been largely determined by the occurrence of mild temperatures during the coldest quarter throughout time (LGM to year 2070), as bio11 clearly increases (but its variability decreases) for the areas where the number of climatically suitable species is higher (Fig. [6b](#Fig6){ref-type="fig"}). In other words, the mean temperatures of the coldest months within the long-term stable refugia have rarely gone below 0 °C for any time period, including the LGM, while in other regions within the study area, temperatures could go much lower (even reaching −30 °C, Fig. [6b](#Fig6){ref-type="fig"}). This is not an unexpected result as relict species were formed in a time when the world had much higher temperatures as compared to the Quaternary (with differences that would have exceeded 10 °C^[@CR39]^); fossils of relict lineages were left at Arctic latitudes until the Pliocene (Supplementary Fig. [5](#MOESM1){ref-type="media"}). Another climatic prerequisite of the long-term stable refugia is a low level of isothermality (bio3), which is defined as the ratio of the temperature mean diurnal range (bio2) to the temperature annual range (bio7); as seen in Fig. [6c](#Fig6){ref-type="fig"}, refugia are places where the day-to-night temperature range has rarely surpassed 50% of the summer-to-winter range. In contrast, surrounding areas might reach values of 70% (i.e., nearly an absence of seasonal variation in energy). Finally, the long-term stable refugia are areas with a relatively high precipitation seasonality (with a coefficient of variation generally ranging from 60 to 100%) compared to surrounding areas, where these percentages reach substantially lower or higher values (Fig. [6d](#Fig6){ref-type="fig"}). These low and high values for bio3 and bio15 are somewhat surprising, as global tree species richness is generally associated with high isothermality and low precipitation seasonality^[@CR40]^. A possible explanation is the progressive shift towards more seasonal climates throughout the Oligocene and Miocene^[@CR39],[@CR41]^, which was especially evident with the onset of the East Asian monsoons at late Miocene^[@CR42],[@CR43]^, to which the (relict) plants had to adapt. In sum, only some mountainous areas of southwestern China and northern Vietnam have allowed the persistence of a large ensemble of relict plants throughout the Quaternary (LGM-2070), because they are characterized by mild climates likely resembling those of the Miocene; such areas have (1) warm climates (with annual mean temperatures between 10 and 20 °C) that are frost-free even during the winter, (2) have humid climates (with annual precipitation between 1000 and 2000 mm), and (3) show a moderate seasonality both in temperature and precipitation (Fig. [6b--f](#Fig6){ref-type="fig"}). Paleoecological records indicate that warm, humid and seasonal climates would have been common in southwestern China at least from the middle-late Miocene^[@CR44]--[@CR47]^, which emphasizes, or perhaps underlines, the long-term stability of climatic conditions as a sine qua non for relict species survival. In contrast, the absence of such favorable climatic conditions for the thermophilic, moisture-loving, and mesophytic relict lineages throughout time in other parts of East Asia, but also in Europe and North America, caused their local extinction^[@CR5],[@CR48]--[@CR50]^.Fig. 6Climatic variables in different categories of suitable areas of relict species. **a** Long-term stable refugia (red areas) of relict species of genera endemic to East Asia under scenarios Present-Past-Future RCP 2.6. Maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org). **b**--**f** Five climatic variables in different categories of suitable areas of relict species of genera endemic to East Asia in four time frames. **g**--**k** Value range of the standard deviation (SD) of each climatic variable in different categories of suitable areas. LGM, Last glacial maximum; M-Hol, Mid-Holocene; Pres, Present; Fut, Future (2070). **b**--**k** Boxplot representation: center line (median), upper end line whisker (maximum value), upper box bound (75th percentile), lower box bound (25th percentile), lower end line whisker (minimum value)

Topographically diverse landscapes can buffer regional climate variability, creating stable climatic conditions for plant species^[@CR51],[@CR52]^. In this way the mountains of southwestern China and northern Vietnam served as suitable refugia for relict species at least since the LGM (and probably since the beginning of the Pleistocene, when a cold but especially dry climate spread throughout the whole area^[@CR42]^, making many habitats unsuitable for thermophilic and humidity-dependent species). Accordingly, we identify the mountains of southwestern China and northern Vietnam as long-term stable refugia from the Pleistocene to the present and future. The identified long-term stable refugia (i.e., the areas in red in Fig. [6a](#Fig6){ref-type="fig"}), in addition to being characterized by mild and moderately-seasonal climates, remained markedly stable compared to surrounding areas; indeed, the lower potential number of relict species for a given area, the larger the standard deviation for any bioclimatic variable (Fig. [6g--k](#Fig6){ref-type="fig"}). Our results, therefore, clearly support the view that climatic stability is a prerequisite for plant species refugia^[@CR18],[@CR51],[@CR53],[@CR54]^. Within the refugia that result from the complex habitat mosaics of mountainous topography, a great number of relict plants appearing as pioneer and seral species are restricted to local habitats with moderate disturbance regimes where competition usually is less intense and the regeneration potential of non-relict species is lower (Supplementary Fig. [7](#MOESM1){ref-type="media"}). Climatically stable refugia harbor not only high concentrations of relict plants, but also greater concentrations of endemic species, as well as high species diversity^[@CR38],[@CR55]^; indeed, long-term stable climate refugia are also long-term stores of genetic diversity, and thus might also be foci of speciation^[@CR11],[@CR52],[@CR55]^. The long-term stable refugia of southwestern China and northern Vietnam conserve ancient lineages, in many cases lineages that became extinct before and during the LGM in North America and Europe, but persisted to the present in East Asia. Highest priority for conservation should be given to the long-term stable refugia.

Establishment and management of protected areas (nature reserves) must include recognition of the identified refugia. In these long-term stable refugia an average of up to 80.1% of the area with relict species of endemic genera and, on average, up to 73.1% of the area with relict species of disjunct genera, are outside the existing nature reserves of southwestern China and northern Vietnam (Supplementary Figs. [8A](#MOESM1){ref-type="media"}--[8E](#MOESM1){ref-type="media"}; Supplementary Table [11](#MOESM1){ref-type="media"}). To maintain the current genetic diversity in the populations of these relict species, as seen in Supplementary Figs. [8A](#MOESM1){ref-type="media"}--[8E](#MOESM1){ref-type="media"}, the most urgent need for new nature reserves is located in the mountains of the Sichuan Basin and in southeastern, eastern and northern Yunnan, as well as the northernmost provinces and the Hoang Lien Son mountain range of Vietnam.

Methods {#Sec8}
=======

Specific definitions, terms, and notations {#Sec9}
------------------------------------------

To define taxa that have survived the ice ages, we deliberately restrict our choice to relict genera of Paleogene-Neogene, or earlier than the Paleogene, origin with mega/macrofossil (seeds, seed cons, fruits, foliage, or woods) records dating from before the Pleistocene, or phylogenetic evidences that meet one of two criteria: (1) genera endemic to East Asia (but genera that extend further and are predominately distributed in Malaysia and neighboring islands are beyond the scope of this paper); (2) oligotypic (genera of plants that contain only a few species) or small genera exhibiting intercontinental or European-East Asian or West Asian-East Asian disjunct distribution patterns. The criteria allow us to exclude possible neoendemic species of any large genus while providing confidence that all species of the genera included are relict taxa to the best of our knowledge. Taking an ecological and evolutionary point of view, we excluded infraspecific taxa from our list of selected relicts. In total, 133 genera are selected (Supplemenatry Tables 1 and 2 ). Among them, 63 paleoendemic genera, and 36 relict genera with disjunct distributions between East Asia and other parts of the world, have been confirmed by mega/macrofossil records; 30 paleoendemic genera and 4 relict genera with disjunct distribution without fossil records, have been confirmed by primitive morphology or published phylogenetic studies.

On maps in this paper borders between countries are drawn in continental areas only. All co-authors of this joint paper declared themselves respectfully concordant with the official statement on borders between countries, as declared by their own governments. We have marked the boundary lines between China and India (at issue) on the maps in Supplementary Fig. [2A](#MOESM1){ref-type="media"}, Supplementary Figs. [3A](#MOESM1){ref-type="media"} and [3B](#MOESM1){ref-type="media"}. On other maps, the (contested) boundary line showing Arunachal Pradesh to be in India is used, since the data on relict species distribution in Arunachal Pradesh were made available by an Indian administrative organization.

Data collection and analysis {#Sec10}
----------------------------

After making a list of East Asian relict genera of plants according to our criteria, we compiled the largest existing collection of present-day species occurrences of the genera that have survived the ice ages. The locality data for species were based on digitization of local herbarium specimen labels from physical herbaria, in addition to plant distribution databases and field records from our own fieldwork during recent decades. Further data were drawn from a large number of printed sources including e-floras, monographs and journal articles pertinent to the flora of East Asia. A list of herbaria, websites and literature for our data collection is provided in Supplementary Data [4](#MOESM7){ref-type="media"}. Data were scrutinized for misidentified, possibly inaccurate or duplicate records by the expertise and further field work of botanists and plant ecologists who have contributed to this paper. We georeferenced localities based on the descriptions of the sites where species grow; we considered only those descriptions that allowed georeferencing with the accuracy required for ecological niche modeling (2.5 arc-min, \~5 km). For species that favor human cultivation, we only recorded data on their natural occurrences as based on our own expertise and field work. If there was an uncertainty regarding cultivation status on some sites, we do not include the sites in our species occurrence dataset so as make the distribution data of the relict species as accurate as possible. For the number of occurrences for each species please see Supplementary Data [1](#MOESM4){ref-type="media"} and [2](#MOESM5){ref-type="media"}.

We respect the usage of accepted species names in updated flora books from each country in East Asia. But when several names are used for a single species in various countries, we selected the accepted names following <http://www.theplantlist.org/1/> and <http://www.catalogueoflife.org/> (retrieved data during May 2016--January 2017).

We acquired data from vast literature that covers all the sites of mega/macrofossil records of our selected genera and georeferenced the fossil localities to illustrate the historical distributions. The major sources documenting these fossil records are published journal articles, monographs and the paleobiological database ([www.paleobidb.org](http://www.paleobidb.org), retrieved data during March 2016--March 2017). If a locality in a review paper was not clear, we checked the original paper to clarify the occurrence. In total, after removing duplicate records of a genus at same occurrence locality, we obtained 3192 records of fossil localities for 99 out of 133 paleo-genera treated in this paper.

Species richness (number of species) and the rarity-weighted richness (RWR) (each species is assigned a score---based on the inverse of the number of sites in which a species occurs)^[@CR56]^ are used to show the present relict species distribution patterns. A square of 1˚ latitude × 1˚ longitude (a cell/a grid size) was chosen as a geographic unit to show species richness and rarity-weighted richness at present on the map using ArcGIS v. 10.5. The correlation of species richness and rarity-weighted richness was analyzed using Pearson's correlation coefficient. The related *p*-value was corrected for the spatial autocorrelation with Dutilleul's^[@CR57]^ method and implemented with R Package SpatialPack v. 0.3^[@CR58]^ (<http://spatialpack.mat.utfsm.cl>). Among cells, we consider, the top 20%, those having species richness of at least two consecutive cells, to be the core areas of relict species richness. RWR can efficiently represent rare species in a given area^[@CR59]^. We consider polygons, composed of at least two consecutive cells, each with a score of at least 0.7 RWR, as the major areas of rare relict species.

To synthesize local habitats of relict plants and forests, we conducted fieldwork and literature analysis.

Ecological niche modeling {#Sec11}
-------------------------

Species distribution models were built only for those species with at least five occurrence data (yielding 220 relict species of genera endemic to East Asia, and 163 of genera having disjunct distributions), given that the predictive ability of models with sample sizes below five may not be enough^[@CR60]^. We compiled as baseline predictors a set of 19 WorldClim bioclimatic variables^[@CR61]^, which were extracted for current climatic conditions (ca. 1960--1990), and cover the study area (0--80°N and 65--180°E). From the WorldClim database ([www.worldclim.org](http://www.worldclim.org)) we also downloaded bioclimatic variables for three time slices: mid-Holocene (MH, ca. 6000 year BP), LGM (ca. 21,000 year BP), and 2070 (average for 2061--2080). For the past (the mid-Holocene and LGM), we employed data derived from three general circulation models (GCMs) that are available in WorldClim: the Community Climate System Model Version 4 (CCSM4)^[@CR62]^, the Model for Interdisciplinary Research on Climate Earth System Model (MIROC-ESM)^[@CR63]^, and the New Earth System Model of the Max Planck Institute for Meteorology (MPI-ESM-P)^[@CR64]^. For the year 2070, we used three of the models that have shown excellent performance among those that have participated in the 5th Coupled Model Inter-Comparison Project (CMIP5) experiment^[@CR65]^: CCSM4, the NOAA Geophysical Fluid Dynamics Laboratory Coupled Model 3 (GFDL-CM3)^[@CR66]^, and MPI-ESM-LR. The three models were run in two of the four representative concentration pathways (RCPs) of the Fifth Assessment IPCC report, RCP 2.6 and RCP 8.5^[@CR67]^. Whereas RCP 2.6 represents the most "benign" scenario (i.e., a likely increase of 0.3--1.7 °C for ca. 2081--2100), RCP 8.5 is the most extreme one (a likely increase of 2.6--4.8 °C for ca. 2081--2100). All 19 bioclimatic variables for present, past and future climate scenarios were downloaded with a resolution of 2.5 arc-min (\~5 km).

To select the species-specific environmental set from 19 variables, we selected a set of candidate models after correlation analysis for environmental variables in 5000 random points generated from background bias file^[@CR68]^. First, we excluded those models that included combinations of highly correlated variables (Pearson's *r* ≥ \|0.70\|; correlation analyses were run in R package base^[@CR69]^). Then, we calculated Variance Inflation Factors (VIF); datasets with VIF ≥ 5 were excluded to avoid multi-collinearity. VIF were estimated using the vif function included in the usdm package in R^[@CR69]^. By this procedure, the number of final candidate combinations of parameters was 2811. To select the most parsimonious combination of parameters for each species, we first set the ß-multiplier at 0, and chose the best combination among 2811 candidate parameter combinations by the corrected Akaike Information Criterion (AICc). Then, we tested 31 different ß-multipliers^[@CR70]^ from 0 to 15 in steps of 0.5 and chose the best ß-multiplier value based on AICc.

Having chosen the best combination of variables for each species, we employed the maximum entropy algorithm as implemented in MaxEnt v. 3.3^[@CR71]^ to get distribution models at present, which were further projected to the past (mid-Holocene and LGM) and to the future (2070). As input features, we selected only "linear" and "quadratic" to avoid producing excessively complex models, which could lead to extrapolation errors^[@CR72]^. As spatial bias in species distribution data is a general phenomenon in distributional databases due to the uneven sampling effort, we used the "background manipulation with bias files for a target group of species" method, which approximates the sampling distribution by combining occurrence records for a target group of species that are all collected or observed using the same methods when the sampling distribution is not known^[@CR68],[@CR73]^. We used two methods of replication to construct MaxEnt models: jackknife for those species with 5--29 occurrence records (which is the recommended method for species with low sample sizes^[@CR60]^), and cross-validation for those with more than 30 occurrences. For the cross-validation approach, we ran 10 replicates to obtain more robust modeling results. For the jackknife approach, we ran replicates with the same number of occurrence points. Predictive performance of models was tested with a jackknife (or "leave-one-out") procedure^[@CR60]^, through success rate (*q*, which is the proportion of right predictions) and statistical significance (a *p*-value computed across the set of jackknife predictions); additionally, for those species with more than 30 occurrences, model performance was assessed using the continuous Boyce index (CBI^[@CR74],[@CR75]^). To distinguish between suitable and not suitable areas in the models, we chose the maximum sensitivity plus specificity (MSS) logistic threshold, which is very robust with all types of data^[@CR76]^. Finally, to overcome the uncertainty associated to the variability in the predicted suitable areas among all generated models, we employed the methodology described in the ref. ^[@CR14]^. Following this method, once the "standard" models (those averaging all the runs, either obtained from the cross-replication or the jackknife) for each species were obtained, we removed the pixels that were regarded as suitable by \<95% of the replicate models; the resulting maps were regarded as "refined" maps (i.e., those depicting predicted areas with a very high level of confidence^[@CR14]^).

Once "refined" maps for each species were obtained, we converted these into binary or presence/absence maps (applying the MSS threshold), which were then stacked (i.e., summed^[@CR77]^) to generate maps of species richness. These maps, drawn with the help of ArcGIS v. 10.5 (ESRI, Redlands, CA, USA), were created separately for relict species of genera endemic to East Asia (that is, on the basis of 220 individual ENMs) and for those of genera having disjunct distributions (163 ENMs) for all time periods (present, mid-Holocene, LGM, year 2070) and using all GCMs. With this method, we are able to detect centers of species richness, but these centers are just delineated on the basis of detecting pixels of species accumulation, irrespective of what these species are; in other words, a given center of richness can be maintained through time (e.g., from LGM to 2070), but the species accumulating there can be different. Identifying areas of richness with the same species persisting across time, in contrast, is indicative of the occurrence of long-term stable refugia; these areas should merit the highest priority for conservation^[@CR78]^. To achieve this, individual species binary maps at different time scenarios were intersected, with only the suitable areas that overlap across time being retained; such maps were again stacked (separately for relict species of genera endemic to East Asia and for relict species of genera having disjunct distributions) to generate maps of long-term stable refugia. We assessed five different types of time combinations (Supplementary Fig. [9](#MOESM1){ref-type="media"}): (1) present with all past models (expressed as Present--Past in the text and Figures); (2) present with all future models of RCP 2.6 (expressed as Present--Future RCP 2.6); (3) present with all future models of RCP 8.5 (expressed as Present-Future RCP 8.5); (4) present with all past and future models of RCP 2.6 (expressed as Present--Past--Future RCP 2.6); and (5) present with all past and future models of RCP 8.5 (expressed as Present--Past--Future RCP 8.5). The stacked maps were generated using the software ArcGIS v. 10.5 (ESRI, Redlands, CA, USA) and modified using Canvas 12 (ACD Systems of America, Inc., Seattle, WA, USA). Map layers were obtained from site [www.gadm.org](http://www.gadm.org).
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